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Abstract

Background Managing electrolyte abnormalities, particularly sodium and potassium, in patients with heart failure
(HF) remains a concern. A novel anti-diabetic drug, sodium-glucose co-transporter-2 (SGLT2) inhibitors, has become
suitable for HF patients, improving cardiovascular outcomes. Therefore, we aimed to conduct a meta-analysis to eval-
uate the effect of SGLT2 inhibitors on serum sodium and potassium.

Methods We systematically searched five databases, identifying randomized clinical trials (RCTs) reporting changes
in serum sodium and potassium levels with SGLT2 inhibitors compared to comparator groups. Outcomes were pre-
sented as weighted mean differences (WMD) and standardized MD (SMD) with 95% confidence intervals (Cl). Sub-
group and sensitivity analyses were also conducted.

Results 13 studies were included, with 13 studies with 10,617 participants reporting on serum sodium and nine
studies with 9877 participants on serum potassium. In acute HF, SGLT2 inhibitors did not significantly affect serum
sodium (WMD: 1.21 mmol/L; 95% Cl:—0.79, 3.21) or potassium levels (WMD: 0.11 mEg/L; 95% Cl:—0.20, 0.42). Sub-
group analyses suggested possible variations by follow-up duration (<7 days vs.>30 days) and drug type, but find-
ings remained non-significant. Sensitivity analysis using the leave-one-out method and risk of bias assessment results
showed no considerable changes in the statistical significance of the pooled results. Similarly, in chronic HF, no sig-
nificant differences were observed for serum sodium (WMD: 0.23 mmol/L; 95% Cl:—0.45, 0.91) or potassium (WMD:
0.07 mEg/L; 95% Cl:—0.29, 0.44). Sensitivity and subgroup analyses based on duration, drug type, diabetes status,
renal function, or systolic blood pressure did not reveal clinically meaningful differences across all analyses. For all
analyses, Egger’s test was non-significant, indicating no strong evidence of small-study effects. Moreover, the trim-
and-fill method combined with the funnel plot did not identify any missing studies, and the recalculated effect size
remained unchanged.

*Correspondence:

Maryam Heidarpour

heidarpourmaryam110@gmail.com

Full list of author information is available at the end of the article

©The Author(s) 2025. Open Access This article is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0
International License, which permits any non-commercial use, sharing, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and indicate if

you modified the licensed material. You do not have permission under this licence to share adapted material derived from this article or
parts of it. The images or other third party material in this article are included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To
view a copy of this licence, visit http://creativecommons.org/licenses/by-nc-nd/4.0/.


http://creativecommons.org/licenses/by-nc-nd/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s12872-025-04704-w&domain=pdf
http://orcid.org/0000-0002-8383-6676
http://orcid.org/0000-0002-5269-0061
http://orcid.org/0000-0002-7999-2393
http://orcid.org/0009-0008-2964-4922
http://orcid.org/0009-0001-1508-1304
http://orcid.org/0000-0001-5840-7266
http://orcid.org/0009-0003-9881-9996
http://orcid.org/0000-0001-6800-6925
http://orcid.org/0000-0001-9850-874X
http://orcid.org/0000-0002-7199-5696
http://orcid.org/0000-0003-4985-2899
http://orcid.org/0000-0001-6599-9618
http://orcid.org/0000-0002-4809-4072

Amani-Beni et al. BMC Cardiovascular Disorders (2025) 25:252

Page 2 of 17

Conclusions SGLT2 inhibitors did not significantly alter serum sodium or potassium levels in acute or chronic HF,
suggesting that these drugs can be safe regarding electrolyte disturbances. Additional RCTs are warranted to enhance
the robustness of evidence regarding the mechanisms and effects of SGLT2 inhibitors on serum electrolyte levels,
considering variations across different types of SGLT2 inhibitors.

Keywords Sodium-Glucose Transporter 2 Inhibitors, Serum Sodium, Serum Potassium, Heart Failure, Meta-Analysis

Introduction

Electrolyte imbalances, particularly alterations in serum
sodium and potassium levels, are common in patients
with heart failure (HF) and can have significant prog-
nostic implications [1, 2]. Potassium abnormalities in
HF can occur due to neurohormonal activation, use of
drugs such as diuretics, beta-blockers, angiotensin-con-
verting enzyme (ACE) inhibitors, angiotensin receptor
blockers (ARBs), old age, and concomitant underlying
diseases, including diabetes mellitus (DM) and chronic
kidney disease [3, 4]. Both hyperkalemia and hypoka-
lemia are prognostic factors in patients with HF, predict-
ing adverse outcomes such as arrhythmias and sudden
cardiac death [5]. Moreover, sodium abnormalities,
mainly hyponatremia (serum sodium<135 mmol/L),
are a common complication in hospitalized HF patients
due to renin—angiotensin—aldosterone system activa-
tion and sympathetic overactivity, which causes impaired
water excretion, and diuretic use in these patients causes
sodium loss, exacerbating sodium imbalances [6-8].
Hyponatremia is less common in ambulatory rather
than hospitalized HF patients (8.4% Vs. 20-25%); how-
ever, regardless of the acute or chronic condition of HF,
hyponatremia can predict adverse clinical outcomes,
including cardiovascular and all-cause mortality [1].

In recent years, sodium-glucose co-transporter-2
(SGLT2) inhibitors, novel antidiabetic agents, have been
proven to improve outcomes in patients with HF, reduc-
ing HF hospitalization and mortality [9-11]. Renal glu-
cose reabsorption from the glomerular filtrate depends
on a tightly coordinated interplay between sodium (Na®)
and glucose transport in the renal tubules [12]. The key to
this process is the sodium-glucose cotransporters, SGLT2
and SGLT1, which work in conjunction with the basolat-
eral glucose transporters GLUT2 and GLUT [12]. SGLT2
inhibitors act on the kidney’s proximal tubule, inhibiting
glucose, and sodium reabsorption, causing a natriuretic
and osmotic diuresis effect, which may alter serum elec-
trolyte levels [1].

Therefore, several randomized clinical trials (RCTs)
have investigated whether SGLT2 inhibitors alter serum
sodium and potassium levels, resulting in controversial
results. Although some trials reported increased serum
sodium with SGLT2 inhibitors compared to placebo,
other trials did not find a significant change in serum

sodium in patients with chronic HF [1, 13-15]. In addi-
tion, trial results were inconsistent regarding serum
potassium levels in chronic HF, with some results favor-
ing a decrease and others mentioning no change in serum
potassium levels [15-18]. Moreover, in acute HF set-
tings, there have been several studies regarding the effect
of SGLT2 inhibitors on decreasing serum sodium and
potassium levels from admission to discharge, with some
significant and insignificant results [19-22]. SGLT-2
inhibitors represent a significant advancement in manag-
ing acute and chronic HF; however, their use necessitates
careful consideration of serum sodium and potassium
dynamics to optimize treatment outcomes and minimize
adverse events. Therefore, we conducted a meta-analysis
of available RCTs to evaluate the impact of SGLT2 inhibi-
tors on serum sodium and potassium levels in patients
with HE.

Methods

Protocol and registration

This study was conducted according to the Preferred
Reporting Items for Systematic Reviews and Meta-anal-
ysis (PRISMA) guidelines (Table S1) [23] and registered
in the International Prospective Register of System-
atic Reviews (PROSPERO) with registration number
CRD42024513766.

Search strategy

We comprehensively searched five electronic databases,
including Medline, Embase, Scopus, Cochrane Central
Register of Controlled Trials, and ClinicalTrials.gov, cov-
ering the period from database inception to March 10,
2025. A manual search was also performed using Google
and Google Scholar search engines to retrieve additional
articles, and references were manually searched. The
search queries for this systematic search are presented
in Table S1. We included all parallel-group RCTs that
reported serum sodium and potassium levels before and
after SGLT?2 inhibitor administration, compared to the
control group. We excluded reviews, prospective or ret-
rospective studies, case reports, commentaries, editori-
als, conference papers, abstracts, erratums, and animal
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or cellular model studies. Moreover, we limited our selec-
tion to studies available in the English language.

Eligibility criteria

Four reviewers (M.Mo., M.Ma., A.E.,, and S.H.) inde-
pendently screened the literature according to pre-
determined criteria for eligible articles: 1) RCTs that
investigated and compared serum sodium and potassium
levels before and after randomization to either SGLT2
inhibitors or control drugs with mean +standard devia-
tion (SD) in chronic or acute HF. 2) Treatment interven-
tions included only SGLT-2 inhibitors. (3) Patients must
be older than 18 years (adults). 4) The included studies
must mention the duration of follow-up. The exclusion
criteria were patients < 18 years and pregnant women.

Study selection and data extraction

Four reviewers (M.R.R, G.G.D., SM., and A.PA))
assessed the titles and abstracts of studies investigating
the influence of SGLT2 inhibitors compared with the
control group on serum sodium and potassium levels to
identify duplicates and select relevant articles for further
review. The full texts of potentially relevant studies were
then independently examined to finalize the selection
process. Records were screened using EndNote software
version 21. However, certain studies presented continu-
ous data in median and interquartile ranges, which is
inconsistent with other articles excluded from the anal-
ysis. In cases where the required data were absent from
the study, additional information was requested by email-
ing the corresponding author.

We extracted the following data from the included
RCTs: Study characteristics (first author, year of publi-
cation, study design, and study site country), number of
patients in SGLT2 inhibitor and control groups, type of
SGLT2 inhibitor and dosage, participant characteris-
tics at baseline (percentage of male and mean + SD age),
mean+SD baseline left ventricular ejection fraction
(LVEF), mean+SD baseline estimated glomerular filtra-
tion rate (eGFR), mean+SD baseline body mass index
(BMI), and baseline used medication in chronic HF or
medication used during hospitalization in acute HF (ACE
inhibitor/ARB, mineralocorticoid receptor antagonist
(MRA), beta-blockers, angiotensin receptor/neprilysin
inhibitor (ARNI), thiazide diuretic, and loop diuretic),
number of patients with DM, number of patients with
hypertension, mean +SD systolic blood pressure (SBP),
and duration of follow-up. The primary outcome data
were extracted as the mean+SD serum sodium and
potassium levels before and after SGLT2 inhibitor or
control drug administration. Any discrepancies con-
cerning the screening process or data extraction were
resolved through discussion and consultation with two
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other reviewers (R.A.B. and B.D.). Data extraction and
management were conducted using Microsoft Excel and
Microsoft Word, respectively.

Quality assessment

We used the Cochrane Risk of Bias 2 (RoB 2) tool to
evaluate RCTs [24], reporting the results as “high-risk,’
“low-risk,” or “some concerns” risk of bias based on
five domains presented in Figure S2. Two investigators
(R.A.B. and B.D.) independently conducted the quality
assessments. Any discrepancies were resolved through
discussion with a third reviewer (D.SH.).

Statistical analysis

The results were quantitatively and qualitatively
described. The association between SGLT2 inhibitors
and serum sodium and potassium levels was expressed
as a between-group weighted mean difference (WMD)
with a 95% confidence interval (CI) and standardized
mean difference (SMD), including Cohen’s d and Hedges’
g, with a 95% CI. The between-group (SGLT2i group vs.
control group) SMD (95% CI) and SMD (95% CI) were
calculated using either the raw data as the mean+SD
of serum sodium and serum potassium before and
after SGLT2i administration or directly from the study
data. The random-effects model (restricted maximum
likelihood (REML)) was used to account for potential
methodological heterogeneity among studies with Har-
tung—Knapp correction. Heterogeneity was assessed
using the I” statistic, with thresholds interpreted as low
(I <25%), moderate (I> 25-50%), high (I> 50-75%), and
very high (I? > 75%).

In addition to primary analysis, subgroup analyses were
conducted to determine the effects of SGLT2 inhibitors
on serum sodium and potassium levels. These subgroup
analyses were pre-specified based on clinically rel-
evant factors, including duration of follow-up (<7 days
vs.>30 days for acute HF and <12 weeks vs.>12 weeks
for chronic HF), Type of SGLT?2 inhibitor (Canagliflozin,
Dapagliflozin, Empagliflozin), baseline SBP (<130 mmHg
vs.>130 mmHg), baseline estimated eGFR (<60 vs.>60
and <65 vs.>65 mL/min/1.73 m?), and presence of DM
(all patients with DM vs. mixed patients).

Sensitivity analyses were performed by systematically
removing each study individually from the meta-analysis,
using the leave-one-out method to evaluate the robust-
ness of the findings. Additionally, low-quality studies (as
per the RoB 2) were excluded from separate analyses to
assess their influence on overall results. The small-study
effect (publication bias) was evaluated using Egger’s
regression asymmetry test (p<0.10, indicating potential
bias), contour-enhanced funnel plots for visual inspection
of asymmetry, and the trim-and-fill method to estimate
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the number of missing studies and adjust the effect esti-
mates accordingly. All statistical analyses were performed
using Stata 17.0 (StataCorp, Texas, USA). Statistical sig-
nificance was set at a two-tailed p-value of <0.05.

Compliance with ethics guidelines

Ethics committee approval was not required for this sys-
tematic review, as it entailed synthesis and examination
of pre-existing data derived from previously published
investigations. Consequently, the ethics committee’s
approval was considered unwarranted.

Results

Search result and study selection

Initially, 7650 studies were identified across related
databases, and after duplicate removal, 3260 studies
remained. According to title and abstract screening, 308
studies were eligible for full-text assessment. Finally,
13 studies were included in this meta-analysis [14-16,
18-20, 25-31]: 13 reported on serum sodium changes
[14-16, 18-20, 25-31] and 10 reported on serum potas-
sium changes [15, 16, 18, 19, 25, 26, 29-31] after SGLT2
inhibitor treatment compared with the comparator
group (Fig. 1).

)
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Characteristics and quality assessment of included studies

(Sodium and Potassium)

The baseline characteristics of the included studies are
shown in Tables 1 and S3. This meta-analysis included
10,617 participants, 5295 of whom were in the SGLT2
inhibitor group and 5322 in the comparator group. The
studies were published from 2017 to 2025, with follow-up
periods ranging from 5 to 90 days in acute HF and 4 to
52 weeks in chronic HE. Seven studies used Dapagliflo-
zin 10 mg, five used Empagliflozin 10 mg, and one used
Canagliflozin 100 mg. Across the included cohorts, the
mean (median) age ranged from approximately 55.8 to
79 years, with the proportion of male participants vary-
ing from 43 to 100%. The proportion of participants with
DM varied widely across the included cohorts, ranging
from 10.0% to 100%, with a median of approximately
42.4%. Among studies that reported hypertension status,
the proportion of participants with hypertension ranged
from 43.4% to 86.9% (mean ~ 68%). Overall, nine RCT
studies had a low risk of bias, one had some concerns
about bias, and three were in the high risk of bias group
(Figure S1).

SGLT2 inhibitor and serum sodium in acute heart failure

Six studies [19, 20, 25, 27, 30, 31] reported changes in
serum sodium levels in acute HF, with 581 (61.1% male)
in the SGLT2 inhibitor group and 588 (61.7% male) in
the control group. A random-effects REML model with

Duplicates records excluded

(n = 4688)

Records excluded (n =3608):
Exclude by title: 936, Exclude by abstract:

882, Exclude by language: 49, Exclude by
publication type: 1647, non human
studies: 94

Full-text articles excluded (n = 325)

c
2 Number of records identified from
g PubMed: 1954, Embase: 2914, Web of science:
‘:'2 1851, Chocrane: 1754, Clinicaltrials.gov: 161
§ (n =8634)
)
T
oo
S
H Records screened
@ (n =3946)
5
v
—
—
2
% Full-text articles assessed for eligibility
i (n=338)
w
)
—
5 Studies included in the meta-analysis
3 (n=13)
‘_é - Studies reported on sodium = 13
- Studies reported on potassium =9
)

Fig. 1 PRISMA flow diagram of the literature search and selection of studies
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A Treatment Control WMD Weight
Study N Mean SD N Mean SD with 95% CI (%)
Short-term (<7 days) ;

Kawanami et al.; 2025 56 -1.00 924 58 0.00 1444 —@—— -1.00[-5.47, 3.47] 11.99
Yeoh et al.; 2023 30 050 234 31 -3.00 280 } E = 3.50[ 2.20, 4.80] 28.29
Charaya et al.; 2023 140 1.18 20.81 145 -0.99 18.15 —— 2.17[-2.36, 6.70] 11.79
Ibrahim et al.; 2020 50 -4.80 10.53 50 -6.12 1297 —+— 1.32[-3.31, 5.95] 11.46
Heterogeneity: 1° = 1.76, I’ = 36.35%, H* = 1.57 - 2.21[-0.80, 5.22]
Test of 8= 6;: Q(3) = 4.28, p=0.23 }

|
Long-term (230 days) |
Voors et al.; 2022 265 -0.11 271 265 0.30 259 [ | } -0.41[-0.86, 0.04] 31.78
Damman et al.; 2021 22 -090 1271 23 -2.23 15.58 L 1.33[-7.00, 9.66] 4.69
Heterogeneity: 7° = 0.00, I = 0.00%, H’ = 1.00 0} -0.40[-1.60, 0.79]
Test of 8; = 6;: Q(1) = 0.17, p = 0.68 |

|
Overall ‘ 1.21[-0.79, 3.21]
Heterogeneity: 7° = 3.06, I> = 75.99%, H’ = 4.16 |
Test of 6 = 8;: Q(5) = 32.59, p = 0.00 }
Test of group differences: Qy(1) = 5.71, p = 0.02 }

5 0 5 10
Random-effects REML model
Knapp-Hartung standard errors
B Treatment Control Cohen's d Weight
Study N Mean SD N Mean SD with 95% ClI (%)
Short-term (<7 days) ;
Kawanami et al.; 2025 56 -1.00 924 58 0.00 14.44 —- -0.08 [ -0.45, 0.29] 17.05
Yeoh et al.; 2023 30 050 234 31 -3.00 280 } —— 1.35[ 0.80, 1.91] 14.42
Charaya et al.; 2023 140 1.18 20.81 145 -0.99 18.15 -l 0.11[-0.12, 0.34] 18.62
Ibrahim et al.; 2020 50 -4.80 10.53 50 -6.12 1297 —-— 0.11[-0.28, 0.50] 16.72
Heterogeneity: 1° = 0.34, I> = 90.93%, H’ = 11.02 — 0.34[-0.67, 1.36]
Test of 8 = 8;: Q(3) = 19.51, p = 0.00 }
|

Long-term (230 days) |
Voors et al.; 2022 265 -0.11 271 265 0.30 259 E } -0.15[-0.33, 0.02] 19.16
Damman et al.; 2021 22 -090 1271 23 -2.23 15.58 0.09[-0.49, 0.68] 14.03

Heterogeneity: 1° = 0.00, I> = 0.00%, H’ = 1.00
Test of 8 = 8;: Q(1) = 0.64, p = 0.42

Overall
Heterogeneity: 1° = 0.21, I” = 89.28%, H* = 9.33
Test of 8; = 6;: Q(5) = 27.28, p = 0.00
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Fig. 2 Forest plot of randomized clinical trial studies assessing the effect of SGLT2 inhibitors on serum sodium levels in acute heart failure
quantified by using the weighted mean difference (A) and standardized mean difference (B)

the Knapp-Hartung method yielded a pooled WMD of
1.21 mmol/L (95% CI: -0.79, 3.21), indicating no statisti-
cally significant effect on serum sodium, with a 95% pre-
diction interval (PI) ranging from —4.11 to 6.53 (Fig. 2).

A subgroup analysis was conducted based on the dura-
tion of follow-up (<7 days vs.>30 days) to more accu-
rately examine the impact of SGLT2 inhibitors on serum
sodium in acute HF over shorter and longer periods.
In the short-term subgroup (<7 days; four studies), the

pooled WMD was 2.21 mmol/L (95% CI: -0.80, 5.22),
with moderate heterogeneity (I>=36.35%). In addition,
the long-term subgroup (>30 days; 2 studies) demon-
strated a WMD of -0.40 mmol/L (95% CI: -1.60, 0.79),
accompanied by low heterogeneity (I>=0) (Fig. 2A). The
test of group differences indicated a statistically signifi-
cant difference between the short-term and long-term
follow-up periods (p=0.02).
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Table 2 Subgroup and sensitivity analysis of the effect of sodium-glucose co-transporter-2 inhibitors on serum sodium in chronic

heart failure

Study group Number of studies Meta-analysis Heterogeneity
(number of patients)

WMD (95%(Cl) P value 1% (%) P
between
group

Follow-up duration 0.82
<12 weeks [15,18, 29] 3(4130) 033 (-2.27,2.94) 0.638 88.60

>12 weeks [14, 16, 26, 28] 4(5318) 0.18(-0.83,1.19) 0.604 76.59

Type of SGLT2 inhibitor 0.02
Canagliflozin [16] 1(233) -0.60 (-1.23,0.03) 0.995

Dapagliflozin [14, 26, 29] 3(5040) 0.85(-0.75, 2.45) 0.150 7544
Empagliflozin [15, 18, 28] 3(4175) 0.00 (-0.01,0.01) 0
Mineralocorticoid receptor antagonist use 0.63
<50% [14, 16, 18] 3(4534) 0.09 (-1.81, 1.99) 0.859 86.95

>50% [15, 16, 26, 28, 29] 4(4914) 0.37 (-0.95, 1.68) 0441 79.37

Type 2 Diabetes Mellitus 0.92
Mix [15, 18, 26, 28, 29] 5 (8895) 0.26 (-0.58,1.11) 0439 94.54

All diabetes patients [14, 16] 2 (553) 0.18 (-9.98,10.34) 0.862 88.82

Systolic blood pressure 0.68
<130 mmHg [15, 16, 26, 28] 5(5147) 0.16 (-0.88,1.20) 0.690 84.06

>130 mmHg [14, 18] 2(4301) 041 (-5.84, 6.66) 0.558 81.85

Estimated glomerular filtration rate 0.17
<65 (mL/min/1.73 m?) [16, 18] 2(4214) -0.21(-3.86,343) 0.594

>65 (mL/min/1.73 m?) [14, 15, 26, 28] 4 (5205) 0.28 (-0.52, 1.08) 0.349

Risk of bias assessment 0.02
Low-risk [14, 15, 18, 26, 28, 29] 6(9215) 0.37 (-0.35, 1.08) 0.243 93.89

High-risk [16] 1(233) -0.60 (-1.23,0.03)

Abbreviations: SGLT2 sodium-glucose co-transporter-2, WMD weighted mean difference, P, p-value

The pooled results based on Cohen’s d method, also
demonstrated non-significant results in both short-term
(Cohen’s d: 0.34; 95% CI: -0.67, 1.36; 12=90.93%) and
long-term (Cohen’s d: -0.14; 95% CI: -0.98, 0.71; I*=0)
follow ups (Fig. 2B). The test of group differences did not
indicate a statistically significant difference between the
short-term and long-term subgroups (p=0.13) (Table 2).

Several other subgroup analyses were performed to
examine the potential effect of drug type (Empagliflo-
zin vs. Dapagliflozin), MRA use (>50%), or baseline
SBP (>130) influenced the effect of SGLT2 inhibitors on
serum sodium in acute HF. In each subgroup, the WMD
was individually non-significant, and no between-group
differences emerged. Only the subgroup analysis by drug
type revealed a significant between-group difference
(p=0.02), suggesting that the impact of SGLT2 inhibi-
tors may vary according to the specific agent used, even
though each agent’s individual WMD was non-signifi-
cant. The WMD remained nonsignificant across all qual-
ity-based subgroups (high-quality, low-quality, or some

concerns), and no between-group differences reached
statistical significance.

Leave-one-out sensitivity analysis showed negligible
changes in the magnitude and statistical significance of
the pooled results (all p>0.05). Egger’s regression test
for small-study effects yielded a non-significant result
(p=0.103), suggesting no strong evidence of small-study
effect. The contour-enhanced funnel plot appeared sym-
metrical, suggesting no substantial small study effect
(Fig. 6A). The trim-and-fill procedure did not impute any
missing studies, and the recalculated effect size remained
unchanged.

SGLT2 inhibitor and serum sodium in chronic heart failure

Seven studies [14-16, 18, 26, 28, 29] reported on serum
sodium changes in chronic HF, with 4714 (69.5% male)
in the SGLT2 inhibitor group and 4734 patients (69.8%
male) in the control group. The pooled analysis using
a random-effects REML model with Knapp-Hartung
modification demonstrated a non-significant WMD of
0.23 mmol/L (95% CI: -0.45, 0.91, p=0.43) with a 95%
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A Treatment Control WMD Weight
Study N Mean SD N Mean SD with 95% CI (%)

T
Packer et al.; 2023 1,961 0.00 0.10 2,020 0.00 0.10 .: 0.00[-0.01, 0.01] 18.95
Docherty et al.; 2021 2,346 1.02 3.16 2,345 0.71 3.17 . 0.31[ 0.13, 0.49] 18.52
Kolwelter et al.; 2021 48 0.30 2.10 26 0.20 1.40 —.— 0.10[ -0.80, 1.00] 11.99
Jensen et al.; 2021 60 -0.20 2.01 60 0.30 3.15 —.—: -0.50[-1.45, 0.45] 11.55
Tanaka et al.; 2020 113 -0.30 220 120 0.30 2.70 —— : -0.60[-1.23, 0.03] 14.71
Kosiborod et al.; 2017 171 0.10 3.92 149 -0.90 3.66 -;—.— 1.00[ 0.17, 1.83] 12.64
Marton et al.; 2024 15 -0.13 1.28 14 -1.71 1.29 : —— 1.58[ 0.64, 2.52] 11.65
Overall —+— 0.23[-0.45, 0.91]
Heterogeneity: T° = 0.36, I” = 94.63%, H’ = 18.61 !
Test of 6 = 6;: Q(6) = 32.25, p = 0.00 !
Test of 8 = 0: t(6) = 0.84, p = 0.43 :
2 0 2
Random-effects REML model
Knapp-Hartung standard errors

B Treatment Control Hedges'g Weight
Study N Mean SD N Mean SD with 95% CI (%)

T
Packer et al.; 2023 1,961 0.00 0.10 2,020 0.00 0.10 [ | 0.00[-0.06, 0.06] 22.04
Docherty etal.; 2021 2,346 1.02 3.16 2,345 0.71 3.17 . 0.10[ 0.04, 0.16] 22.13
Kolwelter et al.; 2021 48 0.30 2.10 26 0.20 1.40 + 0.05[-0.42, 0.52] 8.43
Jensen et al.; 2021 60 -0.20 2.01 60 0.30 3.15 —.+ -0.19[-0.54, 0.17] 11.56
Tanaka et al.; 2020 113 -0.30 220 120 0.30 2.70 —.—} -0.24[-0.50, 0.01] 15.12
Kosiborod et al.; 2017 171 0.10 3.92 149 -0.90 3.66 ‘r.— 0.26 [ 0.04, 0.48] 16.60
Marton et al.; 2024 15 -0.13 1.28 14 -1.71 1.29 } —&—— 1.20[ 042, 1.97] 4.1
Overall + 0.06 [ -0.23, 0.35]
Heterogeneity: T = 0.03, I’ = 88.56%, H’ = 8.74 ;
Test of 6, = 8: Q(6) = 23.88, p = 0.00 ;
Test of 8 = 0: t(6) = 0.52, p = 0.62 !
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Fig. 3 Forest plot of randomized clinical trial studies assessing the effect of SGLT2 inhibitors on serum sodium levels in chronic heart failure
quantified by using the weighted mean difference (A) and standardized mean difference (B)

PI ranging from -1.47 to 1.94 (Fig. 3A). The SMD using
Hedge’s ¢ method also indicated a non-significant pooled
effect size of 0.06 (95% CI: -0.23, 0.35, p=0.62) (Fig. 3B).
Both analyses showed very high heterogeneity (WMD:
I>=94.63%, Hedge’s g: > =88.56%).

Subgroup analyses were conducted to evaluate whether
follow-up duration (>12 weeks), drug type (Empagliflo-
zin, Dapagliflozin, or Canagliflozin), MRA use (>50%
of patients), diabetes status (all patients or mix), base-
line SBP (>130 mmHg), or baseline GFR (>65 ml/
min/1.73m?) modified the effect of SGLT?2 inhibitors on
serum sodium levels in chronic HE. In each subgroup,
the WMD remained non-significant, and no between-
group differences reached statistical significance, except
for drug type, which had a significant group difference
(p=0.02). These findings indicate that none of the exam-
ined factors significantly altered the effect of SGLT2
inhibitors on serum sodium in this patient population.
Additionally, sensitivity analysis based on study quality
assessment did not alter the overall findings, underscor-
ing the robustness of the meta-analysis results.

Sensitivity analysis using the leave-one-out method
showed no considerable change in the magnitude, direc-
tion, and statistical significance of the pooled results (all
p>0.05). Egger’s regression test for small-study effects
confirmed the absence of significant bias (p=0.159). A
contour-enhanced funnel plot was used in conjunction
with the trim-and-fill method to evaluate potential small-
study effects (Fig. 6B). The analysis identified no missing
studies requiring adjustment, and the recalculated effect
size remained non-significant.

SGLT2 inhibitor and serum potassium in acute heart failure
Four studies [19, 25, 30, 31] reported changes in serum
potassium levels in acute HF, including 385 patients
(62.9% male) in the SGLT2 inhibitor group and 385
patients (65.2% male) in the control group. A random-
effects REML model (Knapp-Hartung modification)
of four studies revealed a non-significant WMD of
0.11 mEq/L (95% CIL: -0.20, 0.42) for serum potassium,
with a 95% PI spanning —0.78 to 1.00. The heterogeneity
was very high (I*=89.86%) (Fig. 4).
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A Treatment Control WMD Weight
Study N Mean SD N Mean SD with 95% ClI (%)
Short-term (<7 days) }

Yeoh et al.; 2023 30 -0.10 0.31 31 -0.23 0.31 L ] 0.13[-0.03, 0.29] 23.61
Ibrahim et al.; 2020 50 -0.07 0.28 50 -0.44 0.31 }I 0.37[ 0.25, 0.49] 25.41
Heterogeneity: 1° = 0.02, I* = 83.00%, H’ = 5.88 ’ 0.26 [-1.27, 1.78)
Test of 8, = 6;: Q(1) = 5.88, p = 0.02 |
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B Treatment Control Cohen's d Weight
Study N Mean SD N Mean SD with 95% CI (%)
Short-term (<7 days) }
Yeoh et al.; 2023 30 -0.10 0.31 31 -0.23 0.31 | 0.42[-0.09, 0.93] 24.10
Ibrahim et al.; 2020 50 -0.07 0.28 50 -0.44 0.31 } [ ] 1.25[ 0.82, 1.68] 25.18
Heterogeneity: 1° = 0.29, I = 83.45%, H’ = 6.04 —’ 0.85[ -4.44, 6.14]
Test of 6, = 6;: Q(1) = 6.04, p = 0.01
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Damman et al.; 2021 22 028 016 23 0.34 0.29 -0.26 [-0.84, 0.33] 22.94

Heterogeneity: T = 0.00, I = 0.00%, H’ = 1.00
Test of 8 = 8: Q(1) = 0.65, p = 0.42

Overall
Heterogeneity: 1 = 0.38, I = 90.78%, H’ = 10.84
Test of 6, = 6;: Q(3) = 31.53, p = 0.00

Test of group differences: Q,(1) = 4.22, p = 0.04

Random-effects REML model
Knapp-Hartung standard errors
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Fig. 4 Forest plot of randomized clinical trial studies assessing the effect of SGLT2 inhibitors on serum potassium levels in acute heart failure
quantified by using the weighted mean difference (A) and standardized mean difference (B)

We also compared short-term (<7 days) and long-term
(>30 days) follow-ups as subgroups. In the short-term
subgroup (2 studies), the pooled WMD was 0.26 (95% CI:
-1.27, 1.78; 1> =83%), whereas in the long-term subgroup
(2 studies), the WMD was -0.02 (95% CI: -0.35, 0.31;
I>=0%;) (Fig. 4A). The difference between the groups was
significant (p=0.03). Using Cohen’s d, the short-term
subgroup showed a pooled effect of 0.85 (95% CI: —4.44,
6.14; 1>=83.45%), while the long-term subgroup yielded
-0.03 (95% CI: -0.88, 0.83; I’=0%) (Fig. 4B). The overall

effect size was 0.36 (95% CI: —0.69, 1.40), accompanied by
very high heterogeneity (I*=90.78%). The test of group
differences was also significant (p =0.04).

Subgroup analyses by drug type (Empagliflozin vs.
Dapagliflozin) showed a significant between-group
difference (p=0.03), indicating that the impact on
serum potassium may differ according to the specific
agent. By contrast, MRA use (<50% vs.>50%) did not
reveal a significant difference (p =0.47). Neither sub-
group showed significant results. Sensitivity analysis
by study quality (low vs. high risk of bias) also showed
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a significant difference between groups (p<0.001),
with insignificant results within each group. However,
the leave-one-out analysis demonstrated that omit-
ting individual studies did not substantially alter the
overall effect size or the significance level. Egger’s test
was non-significant (p=0.958), indicating no strong
evidence of small-study effects. A contour-enhanced
funnel plot appeared symmetrical, and the trim-and-
fill procedure did not impute any missing studies, sug-
gesting a minimal small-study effect (Fig. 6C).

SGLT2 inhibitor and serum potassium in chronic heart
failure

Five studies [15-18, 29] reported serum potassium
changes in chronic HE, including 4522 patients (69.6%
male) in the SGLT2 inhibitor group and 4585 patients
(70.0% male) in the control group. Based on the REML
random-effects model with Knapp-Hartung modifica-
tion, the overall WMD for serum potassium was 0.07
(95% CI: -0.29, 0.44; p=0.61) with very high heterogene-
ity (I>=99.62%), suggesting no significant change with
SGLT?2 inhibitors compared to the control (Fig. 5A). The
95% PI was reported as -0.951 to 1.096 for future stud-
ies on serum potassium levels. Moreover, the pooled

A
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Hedge’s g was 0.23 (95% CI: —1.04, 1.50; p=0.64), indicat-
ing a non-significant effect with a very high heterogeneity
(I’=99.64%) (Fig. 5B).

Subgroup analyses were conducted based on the fol-
low-up duration (>12 weeks), drug type (Empagliflo-
zin, Dapagliflozin, or Canagliflozin), MRA use (>50%
of patients), DM status (all patients or mix), baseline
SBP (>130 mmHg), and eGFR thresholds (GFR>65 ml/
min/1.73m?). Overall, most subgroup effects were non-
significant. However, the<50% MRA subgroup yielded
a significant result (WMD=0.01; 95% CI: 0.01, 0.01;
p=0.004) with an insignificant between-group difference
(p=0.65). Similarly, the mean eGFR <65 ml/min/1.73m?
subgroup showed a significant effect (WMD =0.01; 95%
CI: 0.01, 0.01; p=0.004), although the difference between
the eGFR>65 and eGFR<65 ml/min/1.73m? subgroups
was not significant (p =0.74).

Additionally, sensitivity analysis based on quality
assessment did not yield statistically significant differ-
ences. Likewise, the leave-one-out analysis revealed no
major changes in the pooled effect size or p-values when
each study was omitted. Egger’s test for small-study
effects was non-significant (p=0.46), indicating no strong
evidence of small-study effect. The contour-enhanced

Treatment Control WMD Weight
Study N Mean SD N Mean SD with 95% CI (%)
Marton et al.; 2024 15 0.03 0.08 14 -0.03 0.14 - 0.06 [-0.02, 0.14] 19.86
Packer etal.; 2023 1,961 -0.02 0.01 2,020 -0.03 0.01 [ | 0.01[ 0.01, 0.01] 20.27
Jensen et al.; 2021 60 -0.06 0.18 60 0.20 0.18 [ | i -0.26 [ -0.32, -0.20] 20.02
Shen et al.; 2021 2,373 064 053 2371 0.09 0.53 j [ | 0.55[ 0.52, 0.58] 20.21
Tanaka et al.; 2020 113 0.00 0.40 120 0.00 0.40 . 0.00[-0.10, 0.10] 19.64
Overall +‘ 0.07 [-0.29, 0.44]
Heterogeneity: T° = 0.09, I = 99.62%, H’ = 262.58 !
Test of 6, = 6;: Q(4) = 1281.54, p = 0.00 i
Test of 6 = 0: t(4) = 0.55, p = 0.61 ?
15 0 5 1
Random-effects REML model
Knapp—-Hartung standard errors
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Packer etal.; 2023 1,961 -0.02 0.01 2,020 -0.03 0.01 | 1.00[ 0.93, 1.07] 20.71
Jensen et al.; 2021 60 -0.06 0.18 60 0.20 0.18 B | -1.44[-1.83, -1.04] 19.91
Shen et al.; 2021 2,373 064 053 2,371 0.09 053 & [ | 1.03[ 0.97, 1.09] 20.71
Tanaka et al.; 2020 113 0.00 040 120 0.00 0.40 | 0.00[-0.26, 0.26] 20.38
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Heterogeneity: 1° = 1.01, I’ = 99.64%, H’ = 276.97
Test of 8, = 8: Q(4) = 200.21, p = 0.00
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Fig. 5 Forest plot of randomized clinical trial studies assessing the effect of SGLT2 inhibitors on serum potassium levels in chronic heart failure
quantified by using the weighted mean difference (A) and standardized mean difference (B)
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funnel plot appeared largely symmetrical, suggesting
no major small study effect (Fig. 6D). The trim-and-fill
method combined with the funnel plot did not iden-
tify any missing studies, and the recalculated effect size
remained unchanged.

Discussion

In this meta-analysis, SGLT2 inhibitors did not induce
a significant overall change in serum sodium or serum
potassium compared with the control and exerted a
neutral effect on both electrolytes, although substan-
tial heterogeneity was observed in both the acute and
chronic HF populations. The WMD was utilized as the
primary measure to quantify clinically interpretable
electrolyte changes. Additionally, standardized effect
sizes such as Cohen’s d and Hedge’s g were calculated
to account for variations in measurement scales and
consistency across these effect size measures further
strengthened our findings. Subgroup analyses (e.g.,
drug type, follow-up duration, baseline SBP, or MRA

use) generally revealed non-significant differences;
however, some subgroup analyses (e.g., short- vs. long-
term follow-up, drug type) revealed minor differences,
and none showed a consistent or clinically meaningful
impact. A small-study effect was not evident, and the
sensitivity analyses confirmed the stability of the find-
ings. Overall, these results suggest that SGLT2 inhibi-
tors have a neutral to modest impact on serum sodium
and potassium levels in both acute and chronic HF, with
certain clinical subgroups warranting further investiga-
tion. These results suggest that SGLT2 inhibitors can
be safely used in diverse HF populations without major
concerns of significant electrolyte imbalances.
Hyponatremia is a common condition in patients with
HF due to various mechanisms, including neurohor-
monal activation and increased sodium and water reab-
sorption in the kidneys, which increases plasma volume,
elevated sympathetic activity, constriction of splanch-
nic arteries and veins, blood shift from splanchnic ves-
sels to the overall circulation, and potential dilutional
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hyponatremia [32-35]. In patients with HF, SGLT2
inhibitors regulate serum sodium balance through sev-
eral mechanisms. SGLT2 inhibitors reduce sodium reab-
sorption in the proximal convoluted tubule and prompt
sodium reuptake in the distal region to prevent sodium
waste [36]. These medications increase the urinary
excretion of glucose and sodium, and promote glycosu-
ria, natriuresis, and osmotic diuresis, which enhances
sodium excretion [37, 38]. It has been suggested that
SGLT2 inhibitors may function similarly to loop diuret-
ics, excreting free water by diuresis, without hindering
dilution of the distal nephrons, thus improving hypona-
tremia [39, 40]. In addition, inhibition of sodium reup-
take can lead to better delivery of sodium to the loop of
Henle, which improves the function of loop diuretics
[41]. However, SGLT?2 inhibitors minimally activate the
neurohormonal system and cause insignificant changes
in the patient’s electrolyte profile, which differs from tra-
ditional diuretics [19, 42].

SGLT2 inhibitors uniquely mobilize sodium and fluid
from the interstitium to the vascular space, potentially
improving the renal blood flow [43, 44]. Decreased
effective circulatory volume triggers baroreceptors and
neurohumoral activation, including non-osmotic vaso-
pressin secretion, a key factor in dilutional hyponatremia
in acute HF [35]. SGLT2 inhibitors interstitial action and
intravascular volume replenishment may help correct
hyponatremia, which is why these drugs are more effec-
tive in hyponatremic patients than in normonatremic
patients [20, 45]. SGLT2 inhibitors also decrease renin,
increasing sodium delivery to the macula densa, affect-
ing volume homeostasis, and potentially hyponatremia
in acute HF [46]. In addition, treating hyponatremia
involves balancing magnesium and potassium levels,
and SGLT2 inhibitors have improved hypomagnesemia
in DM without affecting serum potassium [35, 47, 48].
Finally, SGLT2 inhibitors can potentially reduce the need
for other classes of diuretics, such as thiazide diuretics,
and make them beneficial in managing acute HF [20, 45].

Loop diuretics are a primary management strategy
for patients with acute HF and concomitant fluid over-
load [49]. Nonetheless, a substantial proportion of these
patients show suboptimal responses, with up to 50%
being resistant to diuretics [50]. Distally acting diuretics,
specifically thiazide or thiazide-like agents, are frequently
used along with loop diuretics to reduce resistance during
therapeutic interventions [6]. Diuretics may stimulate the
renin—angiotensin—aldosterone system (RAAS) at higher
dosages, exacerbating HF [51]. Additionally, excessive
diuretic administration can induce plasma volume con-
traction, worsening renal function, and disturbances in
electrolyte balance, including hypokalemia, hypomagne-
semia, hypocalcemia, hyponatremia, and hyperuricemia
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[52, 53]. Previous studies have demonstrated that SGLT?2
inhibitors can reduce the need for and dosage of other
classes of diuretics in acute HF and enhance the response
to diuretics [25, 54, 55].

Shirakabe et al. observed that administering SGLT2
inhibitors significantly reduced loop diuretic dosages
in diabetic patients with acute compensated HF [56].
In addition, time-dependent variations in renal tubular
injury markers were observed between the empagliflo-
zin and control groups, and a decrease in loop diuretic
dosage and subsequent erythropoietin production may
have mitigated renal tubular injury [56]. These mecha-
nisms could be linked to HF outcomes, including mortal-
ity and rehospitalization rates [56]. In addition, Ibrahim
et al. observed that dapagliflozin demonstrated notable
diuretic effects in decompensated HF management in
diabetic patients [19]. Its administration enhances loop
diuretic efficacy while reducing the required dosage, with
minimal impact on serum potassium levels or renal per-
formance [19]. In this meta-analysis, loop diuretic use
was reported across studies, but varied widely in dosing,
administration, and duration, precluding a detailed anal-
ysis of its impact on outcomes.

Previous literature generally indicated that SGLT2
inhibitors may have a negligible or modest reducing
effect on the need for additional diuretics, which could
further support their role in optimizing diuretic therapy
[19, 56]. Moreover, Charaya et al. found that in patients
with acute HF, dapagliflozin increased serum sodium
concentrations and reduced the persistence of hypona-
tremia, effects that emerged within the first 48 h of treat-
ment and persisted until discharge [20]. Notably, this
benefit was more pronounced among individuals pre-
senting with hyponatremia at baseline, highlighting the
valuable role of SGLT2 inhibitors in managing electrolyte
imbalances in acute HF [20]. These findings reinforce the
broader utility of SGLT2 inhibitors beyond their hemo-
dynamic and glucose-lowering effects, suggesting their
potential advantages in addressing common complica-
tions such as hyponatremia. Although our findings in
acute HF showed no significant overall change in serum
sodium, we noted a significant difference between the
short- and long-term follow-up periods. This suggests
that SGLT?2 inhibitors may exert different effects during
the acute or hospitalized phase compared with prolonged
treatment. However, neither subgroup was indepen-
dently significant and the limited number of RCTs calls
for further research to clarify these observations.

The standard management of acute AHF typically
involves loop diuretics for volume control and vasodila-
tors (ACE inhibitors or ARBs) to improve hemodynamics
and reduce cardiac stress, although these can be limited
by diuretic resistance and potential renal or hypotensive
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complications [57, 58]. Adding an SGLT2 inhibitor like
dapagliflozin offers notable benefits, including a reduc-
tion in in-hospital cardiovascular mortality and 30-day
readmissions [57]. By enhancing diuresis and improving
cardiac function, dapagliflozin aids in weight reduction,
largely owing to better fluid management, without sig-
nificantly increasing the incidence of hypotension, renal
deterioration, and worsening HF [57]. As a result, dapa-
gliflozin serves as a promising adjunct to conventional
therapies, helping address the gap in effective acute HF
management.

Similar to acute HEF, no significant effect was observed
from SGLT2 inhibitors on serum sodium in patients
with chronic HFE. This association was also insignifi-
cant in several sub-analyses. However, each subgroup
included fewer than five studies, limiting the robustness
of these findings and underscoring the need for larger,
well-powered trials. In line with our results, a meta-
analysis by Zhang et al. found that the effect of SGLT2i
on serum sodium levels in patients with DM was not
significant [48]. However, it has also been reported that
new hyponatremia is significantly lower in patients rand-
omized to dapagliflozin compared to placebo at 4, 8, and
12 months after follow-up, and these patients are more
likely to show resolution of baseline hyponatremia over
time [1]. These findings suggest that despite an overall
neutral effect on serum sodium in many settings, SGLT2
inhibitors may still help stabilize sodium levels over time,
reducing the likelihood of new or persistent hypona-
tremia in certain populations.

Our results demonstrated no clinically significant
effect of SGLT2 inhibitors on the mean serum potas-
sium changes in chronic and acute HF; however, a small
number of RCTs were included in our study. Three
mechanisms mainly cause changes in serum potassium
by SGLT2 inhibitors: First, osmotic diuresis and natriu-
resis caused by SGLT?2 inhibitors can lead to increased
distal flow and sodium supply in the distal tubule and,
therefore, increased aldosterone levels [59, 60]. Second,
increased glucagon levels can increase potassium excre-
tion [61]. Third, SGLT?2 inhibitor-induced glucosuria can
decrease glucose and insulin levels and redistribute potas-
sium from cells into the extracellular volume [39, 62]. The
first two mechanisms cause kaliuresis and reduce serum
potassium levels; however, the third mechanism has the
opposite effect, and the interaction between these mecha-
nisms can lead to a slight change in serum potassium [60].

Our finding aligns with another meta-analysis of
patients with DM, which showed that SGLT inhibitors
did not lead to a significant change in serum potassium,
and this result was similar for different types of SGLT2
inhibitors [48]. Nevertheless, a recent meta-analysis
in 2022 showed that after 208 weeks of use of SGLT2
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inhibitors in DM patients, mean serum potassium sig-
nificantly reduced by -0.07 mmol/L (95% CI: -0.11, -0.03),
which still shows the low effect of these drugs on the
serum potassium level in the long-term use [63]. In addi-
tion, SGLT2 inhibitors significantly reduce the risk of
severe hyperkalemia (serum potassium>6.0 mmol/L) in
patients with and without HF by 17% and 18%, respec-
tively [63].

Concomitant medications are an important confound-
ing factor for serum potassium levels and the risk of
hypokalemia and hyperkalemia. In studies by Shen et al.
(patients on MRA therapy) and Neuen et al. (patients
on RAAS therapy)—both high-risk for hyperkalemia—
SGLT2 inhibitors reduced severe hyperkalemia by 50%
and 22%, respectively, suggesting that SGLT2 inhibitors
can play a role in potassium balance [17, 63]. It is also
noteworthy that higher baseline potassium levels are
commonly observed in patients already receiving MRA
and RAAS]i therapy, possibly because of underlying condi-
tions such as DM, HEF, or impaired kidney function that
often necessitate these medications [2]. These character-
istics could put the patient at risk of hyperkalemia and
lead to cessation or reduction of the MRA or RAAS;i dose,
which worsens HF prognosis [64—66]. Therefore, SGLT2
inhibitors can reduce the incidence of hyperkalemia and
can be used with MRA or RAAS to make it safer [2].
Ferreira et al. observed that patients receiving empagli-
flozin continued MRA more frequently in a follow-up
study [67]. Consistent with these findings, our subgroup
analysis in chronic HF revealed no significant difference
in serum potassium when SGLT2 inhibitors were used
alongside MRA or RAASi therapy, supporting their safe
co-administration for maintaining potassium balance.

In addition to RAAS inhibitors and MRA therapy, loop
diuretics represent another key medication commonly
co-administered in patients with HF that may affect elec-
trolyte levels, particularly sodium [49, 52]. The natriu-
retic effect of loop diuretics may interact with SGLT2
inhibitor’s mechanism of action, potentially influencing
the observed changes in serum potassium levels in acute
HF [19]. In our meta-analysis, owing to the insufficient
number of included RCTs, it was not possible to perform
meta-regression and evaluate the effect of loop diuretics.

Finally, although several subgroup analyses for sodium
revealed differences between some populations, these
differences may not be clinically significant in clinical
practice. For example, clinically significant serum sodium
changes are typically defined as a 4-6 mmol/L shift
within hours in acute cases and a 10-12 mmol/L change
per day in chronic conditions [68, 69]. Also, clinically
significant changes in serum potassium typically involve
fluctuations of 0.5—-1.0 mmol/L or more [70], which were
not observed in our included studies. Therefore, the
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small effects of SGLT2 inhibitors on sodium and potas-
sium levels in our analysis lack clinical relevance, as they
fall within a range unlikely to impact the routine clinical
management of patients with HF. These findings empha-
size the need for careful interpretation.

This study has some limitations. The studies in the
meta-analysis varied in terms of patient characteris-
tics and treatment protocols, which could have intro-
duced heterogeneity into the analysis. Despite efforts to
comprehensively search multiple databases and obtain
incomplete data in studies, the number of eligible RCTs
included in this meta-analysis was relatively small. This
limited sample size may have affected the robustness
and reliability of our findings. In addition, because each
subgroup contained fewer than five studies, these results
must be interpreted cautiously. Owing to the small num-
ber of included studies and the need for at least ten stud-
ies for meta-regression, it was not possible to conduct
meta-regression on any of the variables. Drawing defini-
tive conclusions on this topic remains challenging, and
additional RCTs are needed to provide greater clarity.

Conclusion

In conclusion, our meta-analysis provides valuable
insights into the impact of SGLT2 inhibitors on serum
sodium and potassium levels in patients with HF.
We found that SGLT2 inhibitors did not significantly
change serum sodium levels in patients with acute and
chronic HF. Similarly, regarding serum potassium lev-
els, our analysis showed no clinically significant effect of
SGLT2 inhibitors in either acute or chronic HF patients.
Although these medications may lead to slight changes
in serum potassium levels, the overall impact was not
statistically significant. Future research, including large-
scale RCT studies with longer follow-ups, should focus
on elucidating the mechanisms underlying the differen-
tial effects of SGLT2 inhibitors on electrolyte balance in
acute and chronic HF and further explore the clinical
implications of these findings in real-world practice. Such
insights will contribute to refining treatment strategies
and improving the care of HE.
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